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ABSTRACT

This study encompasses the synthesis of polyaniline (PANI) composites with different contents of
BiAl ,Mn Fe O, (12.5%, 25%, 37.5% and 50% w/w) nanoparticles (NPs). The surface morphologies
and crystallite structures of these composites were characterized by X-ray diffraction spectros-
copy, UV/Visible spectroscopy, Fourier transform infrared spectroscopy and scanning electron
microscopy. The composites were successfully applied for the photodegradation of methylene
blue in aqueous media and various parameters were investigated, such as effect of reaction time,
amount of PANI-NPs and degradation kinetic studies. The optical studies were performed by
UV/Visible spectroscopy. It was critically observed that the degradation of methylene blue fol-
lowed the first-order kinetics. The NPs amount present in the composite also showed a remarkable
influence on the degradation efficiency which increased with the increase in BiAIMn substituted
multiferroic contents.
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1. Introduction

Among conducting polymers, polyaniline (PANI) has
been studied extensively as one of the most promising class of
active materials for its applications in electrochromic displays,
electrocatalysis, rechargeable batteries and sensors [1-4]. It
possesses controlled conductivity within the 10°-10" S cm™!
range combined with ionic and proton conductivity, redox

* Corresponding author.

activity, electro- and solvatochromism, non-linear optical
properties and paramagnetism. In addition, PANI properties
are determined by the regular structure of polymer chains.
PANI consists of para-substituted monomer and organized
supramolecular structures. Both these factors are responsi-
ble for the existence of elongated polyconjugated system and
high conductivity of macroscopic sample [5].

Fig. 1 shows the basic chemical structure of one repeat
unit of PANI [5-10]. In each repeat unit, there are three ben-
zene rings (denoted 1-3 in Fig. 1) separated by amine (—-NH)
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Fig. 1. The basic geometrical structure of polyaniline in the emer-
aldine from y = 0.5 [6].

groups and one quinoid ring (denoted 4 in Fig. 1) surrounded
by imine (-N=) groups. For the quinoid ring, which forms
double bonds with the nitrogens, there are two pairs of car-
bon atoms in the ring and four m electrons. PANI exists in
three different forms depending on the oxidation state; leu-
coemeraldine (y = 1), emeraldine (y = 0.5) and pernigraniline
(y = 0). Each one can exist in a base form and in various pro-
tonated H' salt forms. Only the protonated salt form of emer-
aldine is conductive. Upon protonation, the quinoid-imine
group transforms into a semiquinone radical cation state,
that is, emeraldine salt [11].

PANI possesses semiconducting properties and, in
common with inorganic semiconductors, responds to
external influences by changing some characteristics (con-
ductivity, colour, density, magnetic properties, hydro-
philicity or hydrophobicity, and permeability) to gases
and liquids [12]. It is a conjugated polymer with extended
nt-conjugated electron systems and possesses high absorp-
tion coefficients in the visible part of the spectrum, high
mobility of charge carriers and good environmental sta-
bility [13]. Moreover, many conjugated polymers also are
efficient electron donors and good hole transporters upon
visible-light excitation [14]. They have been used as stable
photosensitizers to modify wide band gap inorganic semi-
conductors in the fabrication of optical, electronic and pho-
toelectric conversion devices [15,16]. Various conjugated
polymer composites with different combinations of the
two components have been reported [17-21] such as con-
ducting polyaniline-silver composites [22], polyaniline-
clay composite [23], polyaniline-modified MnO, compos-
ite [24], polyaniline nanotubes base/silica composite [25],
polyaniline-polyvinyl sulphonic acid composite [26] and
copper—polyaniline composite [27].

In conventional industrial wastewater treatment prac-
tices, organic dyes were usually removed with adsorbents
or coagulation. However, new environmental laws may con-
sider the spent adsorbents or sludge as hazardous wastes and
require further treatment. Consequently, novel technologies
with more efficiency and less energy consumption have been
stimulated by intensive research. An alternative to conven-
tional methods is advanced oxidation processes based on
the generation of very reactive species such as hydroxyl rad-
icals (¢OH) that oxidize a broad range of organic pollutants
quickly and non-selectively [28].

Photocatalytic oxidation using a semiconductor such
as PANI-multiferroics composite is one of the advanced
oxidation process. In order to obtain materials with supe-
rior stability against the environment, we have synthe-
sized the composites of PANI-BiAl ,Mn . Fe O, and were
used as photocatalyst for the degradation of methylene
blue (MB).

2. Experimental section
2.1. Materials

The chemicals used in the synthesis of polyaniline and
their composites with nanomaterial were Fe(NO,),-9H,0
(98%, Sigma-Aldrich), Bi(NO,), (~75 %, Merck), MnCl,.4H,0
(98%, Sigma-Aldrich), AI(NO,),.6H,O (99%, Sigma-Aldrich),
ammonia solution (26%, Riedel Dehaen), aniline chloride
(99%, Merck), ammonium peroxydisulphate (97%, Merck),
methanol (99.8%, Merck) and acetone (98%, Merck). These
were used as such without further purification.

2.2. Characterization

The phase and purity of BiAlMn-substituted multiferroic
was determined using powder X-ray diffraction (XRD) anal-
ysis by using Bruker D8 focus X-ray diffractometer which
uses Cu Ka as radiation source operated at 40 kV and 40 mA.
The crystallite size of samples was estimated by Scherrer’s
equation. The optical properties were performed by using
UV-Visible/NIR spectrophotometer (Lambda 750 Shimadzu).
The surface morphology of the synthesized composite was
determined by using field emission scanning electron micros-
copy (HitachiS-4800 FESEM). The oxidation states of the
elements were determined by using ESCALAB 250Xi X-ray
photoelectron spectrometer analysis. The UV-irradiation was
provided by a high pressure mercury lamp (OSRAM 300 W).

2.3. Preparation of BiAl, ,Mn, Fe, O,

BiAl ,Mn . Fe O, nanomaterial was prepared by the
chemical co-precipitation method. For this purpose, the stoi-
chiometric molar solutions of desired metal salts were pre-
pared in the deionized water. Then all these solutions were
mixed in a beaker and heated up to 60°C with continuous
vigorous stirring. Ammonia solution (2 M) was added under
the vigorous stirring drop wise to achieve the pH 11.0. The
mixture was stirred continuously for further 4 h to obtain
the homogeneity in the samples. The brown colour precip-
itates were obtained after addition of precipitating agent
and were washed repeatedly with deionized water until the
pH reduced to 7.0. The precipitates were dried in an oven at
100°C and finally annealed at 850°C in a box furnace (Vulcan
A550) for 8 h. The obtained powder was used for further
analysis.

2.4. Preparation of PANI/BiAl, ,Mn, Fe, O, composite

The 0.2 M aniline chloride solution was taken in a bea-
ker and in this beaker weighed amount of BiAl ;Mn .Fe O,
powder was added. After that 0.2 M ammonium peroxydi-
sulphate was added in the solution mixture drop wise with
continuous stirring for 4-6 h at temperature of 2°C-5°C.
Polymerization of aniline chloride was allowed to take place
in the presence of fine graded BiAl, ,;Mn_.Fe ,O, particles. The
resulting precipitates were filtered and washed with acetone
and finally with deionized water until the filtrate becomes
colourless. Acetone was used to dissolve any unreacted ani-
line chloride. After washing, the precipitates were dried at
60°C-70°C in an oven. The dried samples were ground into

a fine powder in an agate mortar and pestle. These materials
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were stored in desiccator and were used as photocatalyst for
the degradation of MB.

2.5. Degradation of methylene blue

In the photodegradation experiments, 40 mL of 10°M MB
solution was prepared. Four samples containing 40 mL of MB
and 0.2 g of each composite having different percentage of
nanoparticles (NPs) 12.5%, 25%, 37.5% and 50% were taken
and kept in photo reactor. The UV lamp model Philips HPK
300 W was turned on and after every 30 min, the dye solution
was taken out and centrifuged at 2,000 rpm. The absorbance
of the solution was measured at wavelength of 665 nm which
isthe A of MB. The decolourization efficiency (%) has been
calculated according to Eq. (1):

Efficiency = C*‘g € 100 1)

i

where C, is the initial and C, is the remaining concentration
of the dye.

3. Results and discussion

The crystal structures of the synthesized nanoparticles
were investigated by powder XRD. Fig. 2 shows the XRD pat-
tern of PANI, nanomaterial and doped PANI/nanomaterial
composite, respectively. The XRD pattern of PANI shows the
two broad peaks at 20 =20° and 25° with (111) and (110) plane
[29] and has crystalline nature [30]. This characteristic peak
of PANI is ascribed to the periodicity in parallel and perpen-
dicular directions of the polymer chain. The XRD patterns
of PANI/nanomaterial composites exhibit the characteristic
peak of PANI along with the crystalline peaks of nanomate-
rial, owing to the systematic alignment of polymer chain [31].

Nanomaterial
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Fig. 2. XRD patterns for PANI and its composites (PANI) = PANI,
(B-1) = 12.5% BiAl, Mn, Fe, O, B-2) = 25% BiAl, ,Mn Fe, O, (B-
3) =37.5% BiAl ,Mn Fe O, and (B-4) = 50% BiAl, ,Mn Fe O,
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The prominent peaks at 20 = 20.4° and 25.4° in XRD pat-
tern of composite indicate the presence of PANI and the extra
peaks at 20 = 11.57°, 31.8°, 32.7°, 36.0°, 40.2°, 46.0°, 48.7°,
53.4°, 54.6° and 57.9° matched with standard pattern (ICSD-
01-086-1518) which confirm that these peaks are related to
the BiAIMn substituted multiferroics.

The intensity of diffraction peaks of the NPs changed in
the PANI/nanomaterial composites and hence the intensity
of the peaks presenting the nanoparticle loadings increased,
while the two original peaks of PANI show a reduced inten-
sity at 20 = 20.4° and 25.4°. This indicates a strong effect
of the NPs on the crystallization structures of the formed
PANI and the interaction between PANI backbone and NPs
[32]. It also presents an increase in degree of crystallinity in
PANI/nanomaterial composites than pure PANI and nano-
material, clearly indicating the homogeneous distribution
of nanoparticles in the polymer matrix. Similar results for
PANI/Cds nanocomposite have also been reported earlier
[33]. This result indicates that nanomaterial has been success-
fully anchored on the surface of PANI. The crystallite size of
the AIMn- substituted ferrite has been found in the range of
50-56 nm. Little higher values in the cell volume and lattice
constant than that of the standard values are due to higher
ionic radii of substituents, that is, Mn*? (0.80 A) than that of
Fe* (0.64 A). The XRD studies of all these variety of compos-
ites confirmed that the composites are successfully formed.

The band gap calculation and photochemical character-
ization were performed by the optical studies via UV-Vis
spectroscopy for as-developed materials polyaniline,
polyaniline/nanomaterial composite and nanomaterial par-
ticles, given in Fig. 3. Fig. 4(a) shows that two distinctive
peaks of polyaniline appear at about 336 and 451 which are
attributed to the m—mt*, and n — m* transition, respectively
[34]. The peak at 451 nm is shifted to longer wavelengths
from 496 to 526 nm in PANI/nanomaterial composite with
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Fig. 3. UV spectra for PANI and its composites (PANI) = PANI,
(B-1)=12.5%BiAl ,Mn, Fe  O,B-2)=25%BiAl Mn,Fe O, (B-3)
=37.5% BiAl ,Mn Fe O, and (B-4) = 50% BiAl Mn Fe O,
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Fig. 4. FTIR spectra of PANI and its composites (PANI) = PANI,
(B-1)=12.5% BiAl ,Mn .Fe ,O,B-2)=25%BiAl Mn Fe 0O, (B-3)

=37.5% BiAl ,MnFe O, and (B-4) = 50% BiAl Mn_Fe O..
increase of nanomaterial concentration in composite, indicat-
ing the interaction between quinoid rings and nanomaterial
[35]. A small shoulder at 526 nm in PANI is also observed
which describes the benzenoid to quinoid ring excitonic tran-
sition [36]. This corresponds to the n — * transitions of qui-
nine-imine groups [37].

This shoulder experiences a red shift from 570 to 600 nm
in PANI/nanomaterial composite. The presence of shoulder
in PANI spectra was indicative of the presence of two types
of chemically non-equivalent rings in the polymer chain,
namely the benzenoid and the quinoid rings [38]. The rela-
tion between optical band gap, for example, absorption coef-
ficient ot and the energy hv of the incident photon is given by
Eq. (2) [39].

ahvm(hv—Eg)n ()

The photon absorption in many amorphous materials is
found to obey the Tauc’s relation (Eq. (2)). The index  has dis-
crete values such as 1/2, 3/2, 2 or more depending on whether
the transition is direct or indirect and allowed or forbidden,
respectively. In the present case, the photon energy is plotted
against a hv, for n =2 it gives a straight line fit, which implies
that the samples obey indirect transition. From the absorp-
tion spectra, the band gaps of all the samples are estimated
by plotting energy (hv) vs. [a hv ]2

From the spectra of the composites, it was observed that
the intensity of m—m* transition peak and excitonic transition
peak increased with red shifts compared with that of PANI
However, this increase was quite high in the excitonic transi-
tion peak and low in the —mt* transition peak. This suggested
that nanomaterial particles had some interactions with qui-
noid rings on the polymer and these affected the excitonic
transition peak resulting in a possible complexation. These
interactions reduce the band gap of m—m* transition of rings
which existed in the polymer structure and thus electron
transitions occur with lower energy [40].

The band gap for the PANI is found to be 1.75 eV which is
in agreement to that reported earlier [41]. The value of band
gap decreases with the increase of NPs contents which is
due to the slight shift in peaks to lower wavelength [18] and
broadening of polaron band, which attribute to the increase
in carrier concentration in the polymer after doping [42].

In addition, the structural confinement along with sig-
natures of bonding communications inside as-synthesized
composite material was confirmed with FTIR analysis.
PANI/nanoferric composites as shown in Fig. 4, the peaks
observed in the ranges of 500, 689, 745 cm™ are specified
for metals. The peak at 500 cm™ is for the stretching vibra-
tions of Bi-O [43,44] and peak at 689 cm™ is due to Al-O
stretching [45]. Mn-O band appears at 745 cm™ in [29] and
Fe-O stretching band around 540-466 cm™ [46] in compos-
ite spectra. When the FTIR spectra of pure PANI and PANI/
composites are compared, it is observed that the peaks
which are corresponding to pure polyaniline are shifted
towards higher wave number side. It is because there exists
an interaction between the polymer and the nanomaterial
molecules in the PANI-NPs composite. Another difference
between the PANI and PANI-NPs composite is of intensity
ratio which is different for the benzoid and quinoid bands.
In case of pure PANI, the intensity of the benzoid band is
stronger as compared with quinoid band but this ratio of the
benzoid/quinoid intensity is reduced considerably in com-
posite spectra. This reveals that there are lesser benzenoid
units in the nanocomposites compared with pure PANI and
nanomaterial promotes the stabilization of quinoid ring
structure in the nanocomposite.

Moreover, the morphology and particles size of nano-
composites was investigated by scanning electron micros-
copy (SEM) analysis. Scanning electron micrographs of
pure PANI, BiAl Mn Fe O, and their composites are
shown in Figs. 5(a)—(f) which show that the multiferroics
NPs are round shaped (Fig. 5(b)) with particle size in the
range of 40-50 nm and multiferroics NPs decorated on the
surface of PANI, careful observation demonstrates that
small sheets of PANI exist inside the surface of the spheri-
cal core which make the composite surface highly microp-
orous, it provides a path for the insertion and extraction of
ions, and increase the liquid-solid interfacial area, it also
ensures a high reaction rate [47]. The composites surfaces
porosity increases with the increase of NPs concentration
in composite which is beneficial for the adsorption of both
dyes and an efficient separation of photoinduced charges is
promoted by the large surface to volume ratio in nanocom-
posites, which is significant characteristic of photocatalytic
applications. Similar results were also reported by other
research groups [48-50].

The heterogeneous catalysis highly depends on sur-
face chemistry. In order to provide strong claims for best
performance of nanocomposites, the BET surface area
studies were also carried out in present work. The BET
study has been used to investigate the surface area and
pores volume for the PANI and the PANI-NPs compos-
ites. The values of parameters such as BET and Langmuir
surface area and pore volume are shown in Table 1. It is
clear from the table that the surface area and pore volume
increase with the increase in substituted ferrite content for
all the composites materials. The increase in surface area
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Fig. 5. SEM images (a) PANI, (b) as-developed nanocomposite, (c) composite B-1, (d) composite B-2, (e) composite B-3 and (f)

composite B-4.

Table 1
BET and Langmuir surface area and maximum pore size of
substituted PANI and Al-Mn multiferroics/PANI composites

Samples BET surface Langmuir surface Maximum pore
area (m?%g) area (m%g) volume (cm®/g)

PANI 6.8971 11.2720 0.002854

B-1 16.2641 37.3429 0.004377

B-2 38.2377 53.8788 0.004871

B-3 51.2113 68.002 0.004971

B-4 65.4599 91.9178 0.005172

and pore volume suggests that it increases the adsorption
sites which make the composite materials more beneficial
for the photodegradation as compared with individual
catalyst.

The potential applications of composites were success-
fully done for the photodegradation of MB in aqueous media.
The mechanism of MB degradation was evaluated by various
parameters, such as effect of reaction time, amount of PANI-
NPs and degradation kinetic studies.

3.1. Influence of reaction time

Residence time in light is one of the most important
parameters that affect the photodegradation of MB. The rela-
tionship between degradation and reaction time is shown in
Fig. 6. It is clear from the figure that the degradation of MB
increases with the increase in reaction. It was also observed
that the degradation was very rapid during the initial stages
of the reaction and after 30 min it began to slow down. The
ultimate degradation was found beyond 97% during the
investigated reaction time of 150 min.

PANI and its composites when illuminated with UV
light absorb photons to generate electron-hole pairs. These
electrons and holes react with water molecules to generate
hydroxyl radicals (¢OH). The rate of degradation relates to
the formation of ®OH radical which is the critical species in
the degradation process. The equilibrium adsorption of reac-
tants on the catalyst surface and the rate of reaction of ¢«OH
radicals with other chemicals play significant role in the rate
of degradation [20].

As the time proceeds, the degradation goes to maximum.
This is because more *OH radicals will be generated when
the exposure time is longer. The generation of ¢ OH radicals
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Fig. 6. Influence of time on the photodegradation of MB.

is crucial in photodegradation process as it oxidizes the MB
to carbon dioxide and water. As irradiation time is small so
there will be less number of photons reaching the catalyst sur-
face. Less *OH radicals will be formed and subsequently the
relative number of ¢OH radicals that attack the compound
will also decrease. Thus, an inhibitive effect in photodegrada-
tion is anticipated. The proposed mechanism is given below:

PANI/NPs composite +hv —e_ +hv}, (3)
hv;, +OH —-OH 4)
H' +e, »H ©®)
0, +e, »0;—*-HO, (6)
HO, + v, — HO; (7)
Dye +-OH — Degradation product (8)

It shows that PANI-NPs composite absorb UV light to gen-
erate electron-hole pairs and photoelectrons are injected to the
conduction band (CB) of PANI/nanomaterial composite. The
oxygen adsorbed on the surface of PANI/nanomaterial com-
posite captures the injected photoelectrons to generate a series
of powerful oxidative free radicals. At the meantime, a positive
charged hole (h*) might be formed by electron migrating from
the valence band (VB) of PANI/nanomaterial composite to the
p orbital, which can react with H,O to generate *OH [51-54]
and these free radicals decompose MB completely, thus leading
to the higher photocatalytic activity than that of pure PANI and
nanomaterial; similar results were also reported earlier [55].

3.2. Effect of material % in composite

The effect of catalyst dosage on the photocatalyst activity
was studied by measuring the mean of MB concentration in
solution as function of reaction time. The varied amount of
nanomaterial in the composite at the range of 0%-100% for

40 mL of 0.1 x 10°M MB solution was used to determine the
rate of photodegradation reaction. It is shown that the addi-
tion of nanomaterial in composite has proven to increase the
degradation rate within a range of concentrations. This could
be attributed to the role of adsorption in the mechanism and
production of electrons and holes.

The adsorbent surface area increases with the increase in
percentage of nanomaterial (12.5%-50% wt) in composites
which enhances the process of degradation rate (90%-99%).
It is important to mention that bubbles were observed during
the experiments. These bubbles are expected because of O,
produced from photolysis by composite and CO, produced
from complete degradation of MB. The generation of bubbles
increased with an increase of the NPs percentage in composite.

Photocatalysts with high specific surface areas and
porous structures are widely accepted to be beneficial to the
enhancement of photocatalytic performance, because they
provide more active sites and adsorb more reactive species
[56]. PANI forms composite with nanomaterial and produces
the porous surface as indicated in SEM results.

In photodegradation reaction, increase in photoactivity
can also be attributed to the excited state electrons in PANI
which migrate to the CB of nanomaterial, and the photo-
generated holes in the VB of nanomaterial which can directly
transfer to the HOMO of PANI, effectively preventing a
direct recombination of electrons and holes [51], these holes
react with water molecules to generate hydroxyl radicals
(*OH). With the increase in NPs percentage in composite,
the light penetration through the solution also increases and
more hydroxyl radicals are generated.

The SEM images reveal that the surface of the catalyst
becomes more porous which increases the adsorption of MB
and as a result the degradation increase. The maximum pho-
todegradation was observed in case of 50% content of nano-
materials into the composite.

However, the activities of PANI and pure nanomaterial
were lower as compared with PANI-NPs composite. MB is a
cationic dye [53]. Due to electrostatic repulsion, the cationic
dyes containing positively charged groups cannot easily gain
access to the positively charged backbone of PANI, giving very
low photodegradation rate [52], and for pure nanomaterial,
decrease in degradation is caused by the fact that the amount
of MB is no longer sufficient to accept all photo-activated elec-
trons generated from nanomaterial molecules at same time.
Therefore many of the pairs of hole—electrons produced by
irradiation are then quickly recombined and therefore result
in reduced photocatalytic degradation of MB [53].

The percentage degradation of MB which is 99% for the
composite having 50% BiAlMn-substituted multiferroic con-
tent is compared with the other photocatalysts reported in
literature. It is clear from Table 2 that percentage degrada-
tion in the present work is much higher as compared with
other photocatalysts which suggest that the present materials
(PANI-BiAl ,Mn Fe  O,) with 50% content can be efficiently
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used for the degradation of MB.

3.3. Photocatalytic degradation kinetics

The data are fitted to first- and second-order kinetic
model to investigate the mechanism for the degradation of
MB. The first-order equation is given as:
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Table 2
The degradation of MB % with time

TIME  Pure PANI B-1 B-2 B-3 B-4 Nano
0 0 0 0 0 0 0
30 20 55 59 65 78 30
60 27 65 72 74 85 34
90 40 77 82 83 90 39
120 45 84 88 87.5 92 40
150 48 89 91.5 91 93.5 42
C
In— =kt 9
. )

o

where C and C are the initial concentration and concen-
tration at time “t' of MB, respectively and k is the apparent
reaction rate in terms of min™ [55]. A plot of InC/C, vs. t for
first-order kinetic is shown in Fig. 7(a).

The value of specific rate constant increases from
13.9 x 107 to 24.2 x 10 S with the increase of NPs percent-
age which is due to increase in the porosity of the surface of
material (as indicated by SEM) which act as active sites and
increase the adsorption of MB. As a result the degradation as
well as the specific rate constant increases. The linear regres-
sion correlation coefficients (R?) varied in the range of 0.99 for
different percentage of NPs in composite.

The second-order equation is given as:

t 1 1
—+—t

9, kg, 4.

(10)

The plot has been plotted between t/g, vs. t as shown in
Fig. 7(b) and the value of g, and k, are calculated from the
slope and intercept, respectively, and their values are given
in Table 3.

Linear regression correlation coefficients (R?) value cal-
culated from plot of t/C, vs. t for second-order kinetic model
that ranges from 0.78 to 0.87 indicate that experimental data
does not obey second-order kinetic model. From above dis-
cussion, it can be suggested that rate of degradation of MB
follows first-order kinetics.

From the above discussion, it is suggested that con-
trolling factor of this oxidation reaction is the concentration
of NPs which produce ¢ OH radical during the course of reac-
tion, and composite having high percentage of NPs produces
large amount of *OH radical groups rapidly to enhance the
rate of degradation. The increase in rate of degradation with
NPs percentage in PANI-NPs composite (shown in Table 1)
follows first-order kinetics which is confirmed by an increase
of specific rate constant value.

4. Conclusions

The PANI-BiAl, ,Mn .Fe O, composite was synthe-
sized for the very first time by adding nanomaterials during
polymerization reaction of aniline chloride by ammonium
peroxydisulphate. XRD confirmed the formation of poly-
mer/nanoparticles composites. SEM images indicated that
nanoparticles decorate the surface of polyaniline which is in
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Fig.7. (a). First-order kinetic plot for the photodegradation of MB.
(b) Second-order kinetic plot for the photodegradation of MB.

Table 3
First-order specific rate constant for k,, second-order specific rate
constant k, and correlation coefficient R

MB first order MB second order

k, (sec™) R2 k, (L'mol sec)  R?
PANI  0.0037x +0.1063  0.8963 0.0195x —0.1719 0.9859
B-1 0.0138x +0.1019  0.9924 0.0801x —1.7905 0.8756
B-2 0.0146x +0.1093  0.9905 0.0884x —1.9889 0.8817
B-3 0.0173x +0.105 0.9945 0.1341x-3.4511 0.8258
B-4 0.0191x + 0.1496  0.9903 0.182x —4.9853 0.7851
Nano 0.0027x +0.2284  0.5051 0.017x - 0.0134  0.9999

the form of sheets and increase the porosity on the surface
of polyaniline which act as active sites for the adsorption
and degradation of MB. The kinetic studies showed that the
degradation process followed the first-order kinetic model.
The photodegradation of MB increases with the increase in
nanoparticle content in the composite and maximum 93.5%
degradation is observed for the sample with 50% multiferroic
nanoparticle composite which is much higher as compared
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Table 4
Comparison of performance for our developed material with
already reported materials in literature

S.No. Catalyst Degradation References
(%)

1. PANI 28.00 [57]

2. PANI/ZnO 79.00 [57]

3. TiO, (nano-tube arrays)  53.00 [58]

4. N + S co-doped TiO, 66.00 [58]

5. N-doped TiO, 67.00 [59]

6. TON-3 70.00 [60]

7. TON-2 92.00 [60]

8. PANI/TiO, (1:500) 81.74 [61]

9. P25 82.00 [62]

10. (PANI-BiFeAIMnO,) 88.13 [34]

11. PANI/BiAIMn- 93.50 Present

substituted multiferroic work

with other photocatalysts reported in the literature (Table 4).
The high degradation percentage by present composite indi-
cates that this can be used as photocatalyst for the removal of
MB from water.
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